ABSTRACT Sublethal exposure to fungicides can affect honey bees (Apis mellifera L.) in ways that resemble malnutrition. These include reduced brood rearing, queen loss, and increased pathogen levels. We examined the effects of oral exposure to the fungicides boscalid and pyraclostrobin on factors affecting colony nutrition and immune function including pollen consumption, protein digestion, hemolymph protein titers, and changes in virus levels. Because the fungicides are respiratory inhibitors, we also measured ATP concentrations in flight muscle. The effects were evaluated in 3-and 7-d-old worker bees at high fungicide concentrations in cage studies, and at field-relevant concentrations in colony studies. Though fungicide levels differed greatly between the cage and colony studies, similar effects were observed. Hemolymph protein concentrations were comparable between bees feeding on pollen with and without added fungicides. However, in both cage and colony studies, bees consumed less pollen containing fungicides and digested less of the protein. Bees fed fungicide-treated pollen also had lower ATP concentrations and higher virus titers. The combination of effects we detected could produce symptoms that are similar to those from poor nutrition and weaken colonies making them more vulnerable to loss from additional stressors such as parasites and pathogens.
Honey bees are essential for the production of more than a third of all agricultural crops including fruits, vegetables, and oilseeds. The value of these crops is estimated at more than US$12 billion and trending upward (Calderone 2012) . In regions of the world, populations of honey bees and other pollinators are declining. In the past 20 yr, the United States has seen the number of colonies decline from 4.2 million to 2.4 million (National Academy of Sciences [NAS] 2007, Johnson et al. 2010) . Overwintering losses average >30% .
There are many causes for colony losses, including poor nutrition, high levels of parasitic mites and pathogens, and the interactions among these factors (vanEngelsdorp et al. 2009 , Cornman et al. 2012 . Pesticide exposure also contributes to colony losses particularly when bees encounter these chemicals at lethal levels (e.g., Krupke et al. 2012 , Tapparo et al. 2012 . Colony losses from sublethal pesticide exposure, however, are more difficult to diagnose because the effects on colony populations might not be obvious or immediate. For example, pesticide exposure can increase pathogen loads and jeopardize colony survival (Alaux et al. 2010 , Vidau et al. 2011 , Aufauvre et al. 2012 , Wu et al. 2012 , Di Prisco et al. 2013 . Honey bee behavior also can be altered by pesticides (El Hassani et al. 2005 , Aliouane et al. 2009 ), and these compounds can increase colony susceptibility to loss from parasites such as Nosema or from queen failure (Vidau et al 2011; Wu et al. 2012; DeGrandiHoffman et al. 2013a; Pettis et al. 2012 Pettis et al. , 2013 .
While insecticides, especially neonicotinoids, often are implicated in pollinator losses (e.g., Blacquiere et al. 2012 , Gill et al. 2012 , honey bees and other pollinators are more likely to encounter fungicides. These compounds are applied to blooming plants and are considered safe to bees with regard to acute toxicity (Legard et al. 2001 , Yoshimura et al. 2004 . Pollen stores and wax comb often are contaminated with fungicides , Pettis et al. 2013 . Only miticides used to control Varroa mites are found more often than fungicides as comb and food store contaminants ).
Colonies exposed to sublethal levels of fungicide often exhibit poor brood rearing, colony weakening, and increased virus titers that together can lead to colony loss (DeGrandi-Hoffman et al. 2013a , Simon-Delso et al. 2014 , Zhu et al. 2014 . In many ways, these effects of fungicides resemble nutritional deficiencies Crailsheim 2001, 2002; DeGrandiHoffman et al. 2010; Brunner et al. 2014) . If fungicides interfere with nutrient acquisition and metabolism, then the symptoms of fungicide exposure might be similar to those of malnutrition even though pollen is available.
In this study, we focused on the effects that oral exposure to Pristine (BASF, Research Triangle Park, NC) might have on factors influencing honey bee nutrition. Pristine is composed of two compounds: boscalid and pyraclostrobin. Both compounds have been found in pollen samples from broad surveys of colonies , Simon-Delso 2014 . Foraging bees can be exposed to Pristine because it is sprayed during bloom to prevent crop loss from fungal diseases such as brown rot (Janousek and Gubler 2010) . In almonds, applications of this fungicide are recommended during full bloom (http://www.agproducts.basf.us/products/research-library/pristine-fungicide-on-almonds-technicalinformation-bulletin.pdf, last accessed 17 August 2015).
This study examined the influence that oral exposure of Pristine in pollen might have on nutrient uptake and metabolism in worker honey bees. We examined pollen consumption, digestion, and hemolymph protein titers. We also quantified changes in virus titers to determine if stress from fungicide exposure affected pathogen loads. The components of Pristine stop fungal growth by inhibiting enzymes in the electron transport chain and preventing ATP synthesis (Kuhn 1984 , Anke 1995 . To determine if Pristine has similar effects on honey bees, we also measured ATP concentrations in bees feeding on pollen with added Pristine. We present evidence that pollen consumption, digestion, ATP levels, and virus titers are affected by ingesting Pristine in pollen at field exposure levels.
Materials and Methods
The study was conducted at the Carl Hayden Bee Research Center, Tucson, AZ. The effects of Pristine fed in pollen to worker bees that were 3 and 7 d old were evaluated using cage and colony studies. All bees were from European honey bee (Apis mellifera ligustica) colonies headed by commercially produced and mated European queens (Pendall Apiaries, Stonyford, CA).
We conducted the cage studies before the colony studies. Bees were fed pollen with high concentrations of Pristine in the cages to determine if there were measurable effects on pollen consumption, protein digestion, hemolymph protein concentrations, ATP levels, and virus titers. Based on the results, we fed pollen with fieldrelevant concentrations of Pristine to bees in colonies and repeated the measurements made in the cage studies.
Adding Fungicide to Pollen. Pristine was added to pollen patties for the cage study and to ground pollen for the colony study. Pollen patties were made using pollen collected as corbicular loads from hives equipped with pollen traps and located in apiaries in the Sonoran Desert in southern Arizona, USA. The pollen was stored at À20 C until used in the study. Patties were made by adding 4.5 kg of pollen with 4.5 kg of sucrose, 4.5 kg of Bakers Drivert sugar, and 1.2 liter of water. Pristine was added to treatment patties by dissolving 0.1 g of Pristine into 0.4 g of distilled water. The mixture was combined and thoroughly mixed in the pollen patty to ensure even distribution of the fungicide. The control patty was prepared similarly, but 0.5 g of distilled water was added.
The same Sonoran desert pollen used to make pollen patties in the cage studies was used in the colony studies. The pollen was ground to a fine powder using a coffee grinder (Mr. Coffee model 1DS77, Sunbeam, Boca Raton, FL), and 350 g of it was spread evenly on a 0.26-m 2 tray. A 2,300 ppb concentration of Pristine was sprayed on to the pollen (referred to as treatment pollen) using techniques previously described in DeGrandi-Hoffman et al (2013a) . We chose this concentration because it is similar to the levels of Pristine we detected in corbicular loads from foragers collecting almond pollen, and also is similar to the maximal dose of boscalid and pyraclostrobin reported by Simon Delso (2014). The control pollen was sprayed with distilled water. Random samples of treatment and control pollen were taken to measure concentrations of boscalid and pyraclostrobin. The pollen was stored at À20 C until fed to the bees. Cage Study. Methods previously published in DeGrandi-Hoffman et al. (2010) were used in these studies. The study began by randomly selecting frames of sealed worker brood from colonies and placing them in frame enclosures. The enclosures were taken to a temperature-controlled dark environmental room (32-34 C, 30-40% relative humidity) where the bees emerged. On the day workers emerged, 20 bees were sampled to establish day-0 hemolymph protein levels and virus titers. Then, 100 newly emerged bees were transferred into Plexiglas cages (dimensions: 11.5 by 7.5 by 16.5 cm 3 ). All bees were <24 h old at the start of the trial. Newly emerged bees were used because they consume pollen during the first 7 d after emergence (Crailsheim et al. 1992) .
Bees in cages were fed either treatment or control pollen patty by inserting 10 g of the patty into a plastic tube (2.2 cm in diameter) inserted on the side of each cage. The tube and patty were weighed as one unit prior to feeding and then at the end of the trial (day-7) to estimate consumption. Each cage also had a vial with 30 ml of 50% sucrose solution and another with 30 ml of water. A piece of wax foundation was hung in the middle of each cage near the sugar solution and water vials and the bees clustered on it. Cages were kept in the environmental room during the entire study period.
Five bees were sampled from each cage after 3 and 7 d of feeding on the patty. The bees were used to estimate concentrations of hemolymph and hindgut protein, midgut protease, and ATP. An additional five bees were sampled on day-7 to measure posttreatment virus titers. Dead bees were counted in each cage at the end of the trial.
The procedure described above was repeated in three separate trials conducted over a 7-wk period (May-June, 2013) . Each trial was composed of five treatment and five control cages containing newly emerged worker bees. A different source colony for the bees was used in each trial to avoid drawing conclusions from a single colony source.
Colony Study. Experiments to determine the effects of Pristine on bees in colonies were conducted in an enclosed flight area (EFA) at the Carl Hayden Bee Research Center. The EFA is divided into separate sections each of which are 2.5 m wide, 3.6 m long, and with a concave roof that is 4.3 m high at the top. Bees cannot fly between the sections. One colony with a laying queen was established in each section. Colonies were established by shaking 3,000-4,000 adult bees into a 5-frame nucleus hive containing empty drawn comb. The laying queen was introduced using a selfrelease cage. A sugar feeder containing a 30% sucrose solution was placed on each colony. When larvae were seen in the comb, pollen was placed on a tray outside of each colony and foraging bees collected it in their corbiculae (DeGrandi-Hoffman et al. 2013a) . Two trials were conducted with 10 colonies (5 treatment and 5 controls) established in each trial.
During the first week of each trial, all colonies foraged on control pollen placed on trays in each section of the EFA. Fresh pollen was added to the trays daily. After foraging on untreated pollen for 7 d, worker bees actively feeding larvae (i.e., nurse bees) were collected (10 workers from each colony) for baseline hemolymph protein concentrations and virus levels. In week-2, the treatment colonies had pollen with added Pristine placed on trays each day while control colonies continued to be presented with untreated pollen. After 21 d of collecting either treatment or control pollen, emerging bees in all colonies were marked with Testors paint (Rust-Oleum Corp, Vernon Hills, IL) on their thorax. With this delay in sampling, we could be assured that all the bees we sampled were reared during the experimental period. The bees were sampled 3 and 7 d after being marked and analyzed for hemolymph and hindgut protein concentrations, and midgut protease levels. Nurse bees were sampled at the end of the trial (28 d after colonies were established) to measure posttreatment virus concentrations.
Pesticide Analysis. Samples of the pollen fed to bees in the cage and colony studies were analyzed for 174 different agrochemicals by the USDA-AMSNational Science Laboratory (NSL) in Gastonia, NC. The pollen patties (cage study) and pollen with added Pristine (colony study) also were analyzed. Samples were extracted for pesticide residue analysis using an official pesticide extraction method (AOAC 2007.01, also known as the QuEChERS method) and analyzed by gas chromatography and liquid chromatography coupled with mass spectrometry detection (GC/MS, GC/MS/MS, LC/MS/MS). Quantification of pesticide residues was performed using external calibration standards prepared from certified standard reference material. The NSL is ISO 17025 accredited to perform pesticide residue analysis.
Hemolymph Collection and Total Soluble Protein Analysis. We measured hemolymph protein concentrations between treatment and controls as a proxy for worker nutritional status in a manner similar to other studies (e.g., Bitondi and Simoes 1996; Cremonez et al. 1998; Cappelari et al. 2009; DeGrandi-Hoffman et al. 2013a,b) . In cage and colony studies, hemolymph was extracted from ice-anesthetized workers using 100-ll microcapillary pipettes (#71900-100, Kimble Glass, Inc., Vineland, NJ) that had been held over a Bunsen burner flame and pulled apart to form a sharp tip. The sharpened microcapillary pipette was inserted into the lateral portion of the thorax. Approximately 2 ll of hemolymph was collected from each worker.
In cage and colony studies, five workers were collected from each cage or colony on day-3 and 7. Hemolymph from workers was drawn into the microcapillary pipette and pooled by dispensing it onto clean wax paper. Then 1 ll of hemolymph was collected from the wax paper using a pipette and transferred into a 2-ml microcentrifuge tube along with 9 ll phosphate buffered saline (PBS) containing 1% EDTA-free Halt Protease Inhibitor Cocktail (#78437, Thermo Scientific, Rockford, IL). This process was repeated for each cage or colony. Pooled hemolymph samples were stored at À80 C until analyzed. Hemolymph total soluble protein concentrations were estimated using a bicinchoninic acid (BCA) protein assay (#23225, Thermo Scientific). Absorbance was measured at 562 nm using a Synergy HT spectrophotometer (BioTek Instruments, Inc., Winooski, VT). Protein quantitation was estimated using a protein concentration standard curve generated from serial dilutions of bovine serum albumin (BSA).
Protein Concentrations in Hindgut Contents. As an estimate of protein digestion, soluble protein concentrations in the hindgut of 7-d-old bees sampled from cages or colonies were measured and compared with the protein concentration in the pollen patty (cage study) or pollen fed to the bees (colony study). Hindguts were prepared for analysis, by removing the abdomen of each bee and opening it to reveal the digestive tract. An incision was made into the hindgut using dissection scissors. A pipette was inserted into the opening and 1 ll of the hindgut contents were collected. The contents were transferred to a 2-ml microcentrifuge tube containing 99 ll of phosphate buffered saline (PBS) with 1% EDTA-free Halt Protease Inhibitor Cocktail (#78437, Thermo Scientific, Rockford, IL). This was repeated to create a pooled sample of hindgut contents from five bees per cage or colony. We combined 100 ll of each pooled sample with 900 ll of the PBS and Halt solution in a 2-ml centrifuge tube. Samples were stored at À80 C until analyzed. Total soluble protein concentrations of the hindgut contents were estimated using a BCA protein assay. Absorbance was measured at 562 nm using a Synergy HT spectrophotometer (see above). Similarly, a sample of control and treatment pollen fed to the bees also was analyzed for soluble protein concentration using BCA as described above. Protein in hindgut and pollen samples were estimated using a protein concentration standard curve generated from serial dilutions of BSA. The proportion of protein in the patty (cage study) or pollen (colony study) that was digested was estimated by: protein in hindgut / protein in pollen or patty.
Midgut Protease Levels. As a relative estimate of pollen consumption, we measured concentrations of midgut proteases in the cage and colony studies (Eckholm et al. 2015) . Midguts were dissected from 3-and 7-d-old workers from which we had previously collected hemolymph for protein analysis (see above). The excised midguts from five bees from each cage or colony were placed into a 2-ml reinforced microvial (#330TX, BioSpec Products, Inc., Bartlesville, OK) containing 1,500 ll 50 mM borate buffer (pH 8.5; #28384, Thermo Scientific) along with two 2.3-mm-diameter chrome-steel beads (#11079123c, BioSpec Products). Midguts were homogenized for 30 s in a mini beadbeater (#607, BioSpec Products). Samples were centrifuged at 10,000 Â g for 5 min, and then 10 ll of supernatant from each sample was added to a clean 2-ml centrifuge tube, along with 990 ll borate buffer and stored at À20 C until analyzed. Total midgut protease concentrations for each sample was determined using the QuantiCleave Protease Assay Kit (#23263, Thermo Scientific), following the manufacturer's instructions. The kit utilizes succinylated casein, which in the presence of free protease, is cleaved at peptide bonds. TPCK-treated trypsin is included with the kit as a protease standard against which sample protease levels were compared. Protease levels were measured in the third trial only of the cage study due to differences in pollen consumption between treatment and controls detected in trials 1 and 2. Protease levels were measured in both trials in the colony study.
ATP Analysis. In the cage studies, 3-and 7-d-old bees were sampled from each cage, frozen in liquid N, and kept at À80 C until analyzed. In the colony studies, worker bees marked on their day of emergence were sampled in each colony when they were 3 and 7 d old. These bees also were frozen in liquid N and stored as above for the cage studies.
ATP concentration in the thoracic muscle tissue was quantified using an ATP Assay Kit (Colorimetric/Fluorometric -ab83355, Cambridge, MA), as described in the manufacturer's instructions. Thoracic muscle was chosen for analysis because the tissue is rich in mitochondria and honey bees develop most of their flight muscle metabolic machinery early in life (Suarez et al. 2000 , Schippers et al. 2010 . Five workers were sampled per cage or colony and their muscle tissue was pooled for each sampling interval and placed in an ATP buffer solution. The tissue was homogenized in a minibeadbeater for 2 min. The homogenized samples were centrifuged at 4 C at 15,000 Â g for 5 min to obtain the resulting supernatant. Aliquots of the supernatant were deproteinized with perchloric acid using a Deproteinizing Sample Prep Kit (#K808-200, Biovision San Francisco, CA). Deproteinized samples were centrifuged at 4 C at 13,000 Â g for 2 min. A neutralization solution was added and the samples were centrifuged again as above. Deproteinized samples were plated out on opaque, black 96-well plates and the reaction mix was added as described in the kit instructions. Plates were read using a BioTek Synergy HT Microplate Reader and data were collected with Gen5 data analysis software. Values, expressed as picomoles per milligram protein, were obtained from the resultant luminescence (standardized to background) by reference to the ATP standard curve generated concurrently.
Virus Analysis. In the cage study, five newly emerged workers were sampled at emergence to determine baseline titer of virus for the trial. To estimate changes in virus levels during the study period, bees were sampled from each cage (five bees per cage on day 7) or colony (three bees per colony 7 d after emergence). The bees in colonies were previously marked on the day they emerged as described above. All collected live bees were placed in liquid N and stored at À80 C until analysis for viruses. Total RNA was extracted from individual bee samples. Each bee was ground manually in a 1.5-ml eppendorf tube using a pestle that fits into the tube, and homogenized in TRIzol reagent (a ready to use reagent for total RNA isolation; RNA extraction kit; Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. The resultant RNA pellets were resuspended in nuclease-free water in the presence of Ribonuclease Inhibitor (Invitrogen). The quantity and purity of RNA were measured by NanoDrop Spectrophotometer (NanoDrop Technologies, Wilmington, DE). RNA samples were stored at À80 C until used.
SYBR-Green real-time quantitative RT-PCR (qRT-PCR) was performed for detection and quantification of viruses. RNA samples extracted from bees were subject to RT-PCR analysis for seven viruses including: Acute bee paralysis virus (ABPV), Black queen cell virus (BQCV), Chronic bee paralysis virus (CBPV), Deformed wing virus (DWV), Israeli acute paralysis virus (IAPV), Kashmir bee virus (KBV), and Sacbrood bee virus (SBV). The primer sets used for RT-PCR amplification of the viruses have been reported previously (Chen et al. 2005 , DeGrandi-Hoffman et al. 2010 .
qRT-PCR was performed using Stratagene's Mx3005 Real-Time PCR System operated by MxPro qPCR software. qRT-PCR was carried out in a 50 -ll reaction volume containing 25 ll of 2Â Brilliant SYBR Green qRT-PCR Master Mix (Stratagene, La Jolla, CA), 0.4 lM each of forward and reverse primers, and 200 ng of template RNA. The thermal profile parameters consisted of one cycle at 50 C for 30 min, one cycle at 95 C for 3 min followed by 30 cycles of 95 C for 30 s, 55 C for 1 min, and 72 C for 30 s. Negative controls (no reverse transcriptase and no template) were included in each run of the reaction. The positive control was purposely not included in the reaction in order to avoid any potential contamination. After amplification, a melting curve analysis was performed to determine the specificity of the PCR products. The PCR products were incubated for 1 min at 95 C, ramping down to 55 C at a rate of 0.2 C/s. The dissociation curve was constructed using 81 complete cycles of incubation where the temperature was increased by 0.5 C/cycle, beginning at 55 C and ending at 95 C. The expression of the housekeeping gene, b-actin, in each sample also was measured for normalization of real time qRT-PCR results using a pair of primers published previously (Chen et al. 2005) . The output of qRT-PCR assays of each virus was interpreted by using the comparative Ct method (DDCt method).
Statistical Analysis. Pollen consumption in the cage study was compared among trials and between treatment and controls using analysis of variance with a general linear model (GLM) including factors for trial, treatment vs. control, and an interaction term. Consumption of treatment and control patties was compared for each trial using a t-test. In addition, pollen patty consumption in control and treatment cages after 7 d was regressed on the sums of day 3 and 7 protease concentrations to determine the relationship between pollen consumption and midgut protease concentrations. In the cage and colony studies, estimates of ATP, midgut protease, and hemolymph protein concentrations in 3-and 7-d-old bees were compared between treatment and control groups using analysis of variance with a GLM including factors for trial, treatment vs. control, age, and interaction terms. Hindgut protein concentrations were compared between treatments and controls using analysis of variance with a GLM including factors for trial, treatment vs. control, and an interaction term. The percentage of undigested protein in the hindgut was compared between treatment and control bees using a t-test. Bartlett's test of equal variances was conducted prior to analysis of variance. Data were analyzed using Minitab (Minitab Inc., State College, PA).
Virus levels were quantified based on the value of the cycle threshold (Ct) which represents the number of cycles needed to generate a fluorescent signal above a predefined threshold and therefore is inversely proportional to the concentration of the initial target that has been amplified. For each detected virus, the average Ct value (DCt) of a virus was normalized using the Ct value for the corresponding b-actin following the formula: DCt ¼ (Average Ct virus x ) -(Average Ct b-actin ). The group with the lowest level of the minimal virus level was chosen as a calibrator. The DCt value of each group was subtracted from the DCt of the calibrator to generate DDCt. The virus concentration in each group was calculated using the formula 2 2(DDCt) and expressed as an n-fold difference relative to the calibrator (Chen et al. 2005 , DeGrandi-Hoffman et al. 2013b .
Results
Pesticide Analysis. The pollen fed to bees in the cage and colony studies was analyzed for pesticides, fungicides, and herbicides. Only fluvalinate was detected at 9.3 ppb. The pollen patty fed in treatment cages in the three trials averaged 1.3 million 6 121,701 ppb of boscalid and 453,333 6 134,107 ppb of pyraclostrobin. Fluvalinate was not detected in the pollen patties. In the colony studies, the pollen fed to bees had 880 6 191 pbb of boscalid and 935 6 15 ppb of pyraclostrobin. Boscalid and pyraclostrobin were not detected in pollen fed to control colonies.
Pollen Patty Consumption and Bee MortalityCage Study. Mortality did not differ between treatment and control cages in trials 1 and 3 (trial 1: t 7 ¼ 1.19, P ¼ 0.27; trial 3: t 7 ¼ 1.2, P ¼ 0.27), but was significantly higher in control cages in trial 2 (t 7 ¼ 2.92, P ¼ 0.02). In all trials, consumption was adjusted by the proportion of surviving bees in the cage on day-7. The amount of pollen consumed by bees during the 7-d interval differed between treatments and controls (F 1,24 ¼ 81.65, P < 0.0001) and among the trials (F 1,24 ¼ 8.37, P ¼ 0.002). The interaction term (trial Â 2treatment) also was significant (F 2,24 ¼ 11.18, P < 0.0001). Bees consumed more of the control pollen than the treatment in all trials (Fig. 1) .
Hemolymph Protein Titers. In the cage study, baseline protein concentrations in newly emerged bees did not differ among the three trials (F 2,12 ¼ 0.71, P ¼ 0.512). Trial was not a significant factor in the GLM, so data from all trials were combined (Table 1) . Protein concentrations did not differ between treatments and controls, but were higher in 7-d-old bees than in 3-d-old (Fig. 2) .
In the colony study, baseline protein concentrations did not differ between trials or treatment and control colonies (F 3 , 16 ¼ 2.65, P ¼ 0.084). Protein concentrations in previously marked 3-and 7-d-old workers did not differ between trials, age of bees, or between treatments and controls. Average titers in workers from control colonies was 252.4 6 30 mg / ml and for treatments 243.5 6 20 mg / ml.
Hindgut Protein Concentrations. In the cage study, significantly higher protein concentrations were detected in the hindgut of bees feeding on treatment pollen patties than controls (Table 1) . Trial was not a significant factor in the GLM so data from the three trials were pooled. In control bees, an average of 29 6 3% of the protein concentration in the pollen patty was detected in the hindgut, and this was significantly lower than treatment bees where we detected 40 6 3% protein in hindgut contents (t 27 ¼ 2.92, P ¼ 0.007; Fig. 3 ). Soluble protein concentrations in the patties did not differ between control and Each trial was composed of five treatment and five control cages. Consumption differed between treatments and controls (F 1,24 ¼ 101.82, P < 0.0001) and among the trials (F 1,24 ¼ 7.3, P ¼ 0.003). The interaction term (trial Â treatment) also was significant (F 2,24 ¼ 10.2, P < 0.0001). More control pollen patty was consumed in each trial than treatment patty as determined by t-tests: trial 1-t 7 ¼ 3.2, P ¼ 0.015, trial 2-t 5 ¼ 5.5, P ¼ 0.003, trial 3-t 5 ¼ 8.6, P < 0.0001. treatment (t 27 ¼ 0.26, P ¼ 0.79) and averaged 574 6 30 mg / ml.
The protein concentration in the pollen provided to the bees in colonies did not differ between the two trials (t 5 ¼ 0.77, P ¼ 0.476) and averaged 571.1 6 29.1 mg / ml. Hindgut protein concentrations differed significantly between trials and between treatment and control. Data from each trial were analyzed separately. In both trials, a significantly higher percentage of the protein in pollen was detected in the hindgut of treatment bees compared with controls (trial-1: F 1,8 ¼ 13.6, P ¼ 0.006, trial-2: F 1,6 ¼ 11.5, P ¼ 0.015; Fig. 3) .
Midgut Protease Levels. In the cage study, protease levels were similar between treatments and controls on day-3 but by day-7 levels were significantly lower in the controls (F 3,16 ¼ 9.22, P ¼ 0.001; Fig. 4 ). There was a significant inverse relationship between pollen consumption and protease concentrations (y-intercept: t ¼ 5.71, P < 0.0001, slope: t ¼ 3.55, P ¼ 0.007; r 2 ¼ 61.2%). Similar results to the cage study occurred in the colony study. There were significantly higher levels of protease detected in bees feeding on treatment pollen compared with control. There also were differences between day-3 and day-7 bees. As in the cage study, protease levels between treatments and controls were similar in day-3 bees. However, day-7 protease levels were about four times higher in treatment bees compared with controls. In this analysis, there was no significant difference in protease concentrations between trials, so data from the two trials were combined (Table 1) .
ATP Levels. In the cage study, differences in ATP concentrations were detected between 3-and 7-d-old workers and between controls and treatments ( Table 1) . The interaction term between control and treatment and days of feeding also was significant. ATP concentrations in day-3 workers did not differ significantly between treatments and controls (Fig. 5) . However, by day-7, ATP concentrations in control bees were twice as high as in day-3 bees, and significantly higher than in day-7 bees fed treatment pollen. ATP levels in bees fed treatment pollen did not differ between day-3 and day-7 bees.
In the colony experiment, trial was a significant factor in the GLM, so data from each trial were analyzed separately. ATP concentrations were higher in day-7 control bees than in the treatments in both trials. ATP levels were significantly higher in day-7 workers compared with day-3 in both controls and treatments. Virus Levels. Of the seven viruses screened for infections, the levels of DWV, BQCV, KBV, and SBV (colony only) were compared between control and treatment groups based on the frequency of their presence in baseline samples. In the cages, qRT-PCR analysis showed that the levels of DWV and BQCV in the treatment group were similar to controls in trials 1 and 2 (Fig. 6) . In trial 3, treatment bees had DWV and BQCV levels that were 5Â and 2Â higher, respectively, than controls. SBV was not detected in any samples. KBV DCt values were similar between treatments and controls so that fold differences due to the fungicide were <1.0.
In colonies, the levels of DWV in the treatment group were twice as high as controls in trial 1 and 10Â higher in trial 2. BQCV levels in treatment colonies did not differ from controls in trial 1, but were twice as high as controls in trial 2. KBV and SBV DCt values were similar between treatment and control bees so that fold differences due to the fungicide were <1.0.
Discussion
We examined the effects of Pristine on components of worker bee nutrition at high and field-relevant levels in pollen. At both Pristine levels, we found lower rates of pollen consumption, reduced protein digestion, and lower ATP levels. Hemolymph protein titers were not affected by the fungicide. However, there were greater increases in virus titers in bees fed pollen with added Pristine.
We measured pollen consumption directly in cage studies and found that bees consumed more control than treated pollen. The differences in the cage study might have been due to the high levels of Pristine that reduced palatability of the patty. In the colony study, consumption was estimated indirectly using the relationship between midgut protease concentrations and consumption established in the cage trial. Previous studies in other insect systems have reported lower protease concentrations immediately after feeding and an accumulation of trypsin when the midgut is empty (Dadd 1956 ). A similar relationship was found in a comparative study with honey bees where higher midgut protease levels occurred in groups of bees that consumed less pollen (Eckholm et al. 2015) . Interpreting our results similarly, we conclude that differences in midgut protease levels between treatments and controls in the colony study might indicate a similar trend of reduced pollen consumption detected at high Pristine levels in the cage study.
In addition to reduced pollen consumption, there were higher concentrations of protein in the hindgut of bees fed treated pollen indicating reduced protein digestion. We expected similar or even lower protein concentrations in the hindguts of treatment bees Fig. 3 . Average percentage of soluble protein in the hindgut of 7-d-old bees fed pollen as a patty (cage study) or as a powder so that foraging bees could collect it (colony study). The "% undigested protein" was estimated by: (soluble protein in hindgut contents / soluble protein in patty or ground pollen). Treatment pollen contained fungicide (Pristine). In the cage study, undigested protein in control bees was significantly lower in control than in treatment bees (t 27 ¼ 2.92, P ¼ 0.007). Separate comparisons were done in the colony study. Undigested protein in controls was lower than in treatment bees in both trials (trial-1: t 7 ¼ 3.69, P ¼ 0.008; trial-2: t 5 ¼ 3.63, P ¼ 0.015). . Average levels of protease in the midgut of nurse bees fed pollen containing the fungicide Pristine either in cages or colonies. Means with the same letters are not significantly different at P < 0.05 level as determined by analysis of variance (cage study: F 3,16 ¼ 9.22, P ¼ 0.001; colony study: F 3,32 ¼ 22.55, P < 0.0001) followed by a Tukey's W multiple comparison test. because they consumed less pollen and had higher midgut protease levels but this was not the case. Possible explanations for our findings could be tied to the reductions in ATP levels we detected in bees fed pollen with Pristine. Many proteases require ATP to function (Gottesman and Maurizi 1992) so the activity of these enzymes might have been reduced. The fungicide might also affect the composition and diversity of gut microbes that bees rely on for digestion (Babendreier 2007 , DeGrandi-Hoffman et al. 2012 , Yang et al. 2011 . Further studies are needed to test these and other possible causative mechanisms for our findings.
Colony Study
ATP levels were reduced in bees feeding on pollen with added Pristine; however, we could not definitively conclude that the fungicide inhibited enzymes in the bees' electron transport system and thus reduced ATP synthesis. We measured ATP concentrations but not enzyme activity. Lower levels of pollen consumption and digestion could have contributed to reduced ATP concentrations. Amino acids can be catabolized to release ATP, so lower feeding and protein digestion rates alone could account for reduced ATP levels. Direct measurements on the effects of Pristine on mitochondrial function are needed to determine if reduced ATP levels are due to the mode of action of Pristine directly or indirectly due to effects on food consumption and digestion.
Increases in virus titers in bees fed pollen with Pristine could have been due to the fungicide alone or to the combination with the fluvalinate that also was present. Though fluvalinate concentrations were relatively low, combinations of acaracides and fungicides can inhibit the activity of cytochrome monooxygenase (P450), a key enzyme for the detoxification of xenobiotics (Johnson et al. 2013) . Additionally, the effects of Pristine on pollen consumption, digestion, and ATP concentrations also might have affected virus levels, because immune signaling is driven by host metabolic function and the biosynthetic pathways that rely on mitochondrial activity and fitness (Arnoult et al. 2009 ).
Though sublethal exposure to Pristine alone might not cause colony loss, it could increase vulnerability to pathogens (e.g., DWV) and if other stressors such as Varroa are present, the colony might perish (Dainat et al. 2012) . A scenario where consuming fungicidecontaminated pollen reduces immune function resulting in colony death from the proliferation of virus and other pathogens supports the general consensus that . Average concentrations of ATP in the thoracic muscle of 3-and 7-d-old worker honey bees fed pollen with (treatment) and without (control) Pristine fungicide. The pollen was fed to bees as a patty (cage study) or as ground pollen that foraging bees could collect (colony study). Means followed by the same letter are not significantly different at the P < 0.05 level as determined by analysis of variance followed by a Tukey's W-procedure (cage study: F 3,56 ¼ 15.1, P < 0.0001; colony study: Trial-1 F 3,18 ¼ 25.5, P < 0.0001; Trial-2 F 3,13 ¼ 55.8, P < 0.0001).
colony losses have multifactorial origins (Nazzi and Pennachio 2014) . While poor nutrition and its effects on immunocompetence can be included as a factor contributing to colony loss, it appears that similar effects can be exerted by this fungicide even when adequate pollen is available. . Fold increases in virus titers in bees fed pollen with fungicide. The increases were estimated by calculating normalized virus titers (DCt ¼ virus titer for sample -b actin) for treatment and control groups. The control group had a higher DCt value (i.e., lower virus titer) than the treatment in those trials with fold increases. DCt for the control was used as the calibrator. DDCt was calculated as the difference between DCt for the treatment group and the calibrator. The fold increase was calculated by: 2
À(DDCt)
.
